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DQG ³JUHHQ´ WHFKQRORJ\ WKDW HQDEOHV WR UHGXFHPDWHULDO
ZDVWHDQGWRDYRLGUDGLDWLRQDQGKDUPIXOJDVHPLVVLRQV
XVXDOO\DVVRFLDWHGZLWKWKHIXVLRQZHOGLQJSURFHVVHV>@
$VZHOONQRZQ)6: LV D VROLG VWDWHSURFHVV LQYROYLQJ
VHYHUHGHIRUPDWLRQV WKH\DUH LQGXFHGE\ WKHFRPELQHG




JHQHUDWHG DW WKH WRRO±VKHHW LQWHUIDFHV DOORZ WR
DFFRPPRGDWH WKH ODUJH GHIRUPDWLRQV RI WKH ZRUNSLHFH
PDWHULDODQGSHUPLWLWVFRPSOH[PL[LQJDFURVVWKHMRLQW
)6: KDV PDQ\ WHFKQLFDO DGYDQWDJHV LQ MRLQLQJ VRIW
PDWHULDOVVXFKDVDOXPLQLXPDQGPDJQHVLXPDOOR\VWKDW
DUHYHU\GLIILFXOWWREHZHOGHGXVLQJFRQYHQWLRQDOIXVLRQ
WHFKQRORJLHV GXH WR WKH LQVXUJHQFH RIPDQ\ GHIHFWV >
@
6HYHUDO DXWKRUV KDYH VKRZQ WKH LQIOXHQFH RI WKH
SURFHVVSDUDPHWHUVDQGWRROJHRPHWU\RQWKHPHFKDQLFDO
SURSHUWLHV PLFURVWUXFWXUH DQG PDWHULDO IORZ SDWK
IRUPDELOLW\RIVLPLODUDQGGLVVLPLODUIULFWLRQVWLUZHOGHG
MRLQWV LQ DOXPLQLXP DQGPDJQHVLXP DOOR\V >@ $V D
FRQVHTXHQFH WKHSURFHVVSDUDPHWHUVDQG WRROJHRPHWU\
KDYH WR EH DFFXUDWHO\ FKRVHQ LQ RUGHU WR REWDLQ WKH




WKH MRLQW TXDOLW\ ,Q SDUWLFXODU WKH URWDWLRQDO VSHHG
UHVXOWV LQ VWLUULQJ DQG PL[LQJ RI PDWHULDO DURXQG WKH
URWDWLQJSLQZKLOVW WKHWRROWUDQVODWLRQPRYHVWKHVWLUUHG
PDWHULDO IURP WKH IURQW WR WKH EDFN RI WKH SLQ DQG
ILQLVKHV ZHOGLQJ SURFHVV > @ +LJKHU WRRO URWDWLRQDO
VSHHG JHQHUDWHV KLJKHU WHPSHUDWXUH EHFDXVH RI KLJKHU
IULFWLRQKHDWLQJ DQG UHVXOWV LQPRUH LQWHQVH VWLUULQJ DQG
PL[LQJ RI PDWHULDO DV REVHUYHG E\ (ODQJRYDQ DQG
%DODVXEUDPDQLDQLQ>@RQIULFWLRQVWLUSURFHVVHG]RQHLQ
$$DOXPLQLXPDOOR\,WZDVFOHDUO\VKRZQWKDWWKH
ZY UDWLR LV XVXDOO\ FKDUDFWHULVHG E\ DQ RSWLPDO YDOXH
WKDW OHDGV WR WKH EHVW PHFKDQLFDO SURSHUWLHV RI WKH
)6:HGMRLQW>@
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WRRO VKRXOGHU±ZRUNSLHFH LQWHUIDFH > @ 6XFK UHVXOW LV
FRQILUPHG E\ WKH ORZ KHDW JHQHUDWLRQ RI WKH SLQ
TXDQWLILHG LQ OHVV WKDQRI WKH WRWDOKHDWJHQHUDWLRQ
> @ ,Q DGGLWLRQ WKHPD[LPXP WHPSHUDWXUH LQ)6:
SHUIRUPHG XVLQJ D ³SLQOHVV´ WRRO LV YHU\ VLPLODU WR WKH
RQH WDNLQJ SODFH GXULQJ WKH SURFHVV SHUIRUPHG XVLQJ D
³SLQ´ WRRO XQGHU WKH VDPH FRQGLWLRQV LQGLFDWLQJ WKH
UHGXFHG LQIOXHQFHRI WKHSLQRQ WKHKHDWJHQHUDWLRQ >@
$V D FRQVHTXHQFH IULFWLRQ VWLU ZHOGLQJ FDQ EH DOVR
SHUIRUPHG ZLWK D ³SLQOHVV´ WRRO HYHQ WKRXJK WKH
SRWHQWLDO DGYDQWDJHVRIIHUHG LQ WHUPVRI VLPSOLILHG WRRO
JHRPHWU\YHUVDWLOLW\VLQFHVXFKWRROLVQRWGHGLFDWHGWRD
VSHFLILF VKHHW WKLFNQHVV DQG PLFURVWUXFWXUDO
KRPRJHQHLW\>@FDQEHIXOO\H[SORLWHGRQO\DVWKLQ
VKHHWV DUHZHOGHG DV DPDWWHU RI IDFW DV WKH WKLFNQHVV
LQFUHDVHV WKH VKRXOGHU LQIOXHQFH EHFRPHV HYHU PRUH
ORFDOLVHG WR WKH WRS VKHHW VXUIDFH 7R WKLV HQG WKH
DQDO\VLVRIWKHHIIHFWRIWKHWRROFRQILJXUDWLRQRQ)6:HG




LQIOXHQFH RI WKH SURFHVV SDUDPHWHUV DQG WRRO
FRQILJXUDWLRQ RQ PLFUR DQG PDFURPHFKDQLFDO
SURSHUWLHV RI )6:HG MRLQWV LQ WKLQ$$ DOXPLQLXP
DOOR\ VKHHWV 7R WKLV SXUSRVH )6: H[SHULPHQWV ZHUH
FDUULHG RXW XVLQJ ³SLQ´ DQG ³SLQOHVV´ WRROV ZLWK
GLIIHUHQW VKRXOGHU GLDPHWHUV DW GLIIHUHQW URWDWLRQDO DQG
ZHOGLQJ VSHHGV YDOXHV $ PLFURVWUXFWXUDO LQYHVWLJDWLRQ
KDV EHHQ DOVR FDUULHG RXW LQ RUGHU WR HYDOXDWH WKH
PLFURVWUXFWXUHFRYHULQJDOO UHJLRQVRI WKHZHOGHG MRLQWV
DV D IXQFWLRQ RI WKH WRRO FRQILJXUDWLRQ DQG ZHOGLQJ
FRQGLWLRQV
0DWHULDOVDQGH[SHULPHQWDOSURFHGXUHV
2.1. Friction stir welding experiments 
7KH PDWHULDO XVHG LQ WKH SUHVHQW LQYHVWLJDWLRQ ZDV
$$ DOXPLQLXP DOOR\ VXSSOLHG LQ IRUP RI  PP
WKLFNVKHHWLQWKH+WHPSHUVWDWH















ZHUH MRLQHG ZLWK D ZHOGLQJ OLQH SHUSHQGLFXODU WR WKH
UROOLQJGLUHFWLRQ
,Q RUGHU WR LQYHVWLJDWH WKH HIIHFW RI WKH SURFHVV
SDUDPHWHUV WKH H[SHULPHQWV ZHUH FDUULHG RXW XVLQJ
FRQVWDQW YDOXHV RI URWDWLRQDO VSHHG Z DQG ZHOGLQJ
VSHHGYYDU\LQJIURPWRUSPDQGIURPWR
PPPLQUHVSHFWLYHO\
2.2. Tensile tests 
7HQVLOHWHVWVZHUHSHUIRUPHGDWURRPWHPSHUDWXUHLQ
RUGHU WR HYDOXDWH WKH PHFKDQLFDO SURSHUWLHV RI WKH
ZHOGHGMRLQWVDQGWRFRPSDUHWKHPZLWKWKDWREWDLQHGRQ
WKHEDVHPDWHULDO%07RWKLVSXUSRVHVSHFLPHQVZHUH
PDFKLQHG IURP WKH )6:HG EODQNV ZLWK WKH ORDGLQJ
GLUHFWLRQ SHUSHQGLFXODU WR WKHZHOGLQJ OLQH VR WKDW WKH
ZHOGHG DUHD ZDV ORFDWHG LQ WKH JDJH VHFWLRQ RI WKH
VDPSOH
7KH H[SHULPHQWDO UHVXOWV ZHUH SORWWHG DV QRPLQDO
VWUHVV V YV QRPLQDO VWUDLQ H FXUYHV E\ ZKLFK WKH
XOWLPDWHYDOXHVRIWHQVLOHVWUHQJWK876DQGHORQJDWLRQ
LQ SHUFHQWDJH 8( ZHUH GHULYHG $W OHDVW WKUHH
UHSHWLWLRQVIRUHDFKFRQGLWLRQZHUHSHUIRUPHG
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2.3. Microstructural analysis 
3RODUL]HGOLJKWRSWLFDOPLFURVFRS\320ZDVFDUULHG
RXW RQ WKH )6:HG MRLQWV LQ $$ DOXPLQLXP DOOR\
REWDLQHG XVLQJ WKH GLIIHUHQW WRRO FRQILJXUDWLRQV DQG
ZHOGLQJ SDUDPHWHUV LQ SDUWLFXODU WKH PLFURVWUXFWXUDO
DQDO\VLVZDVSHUIRUPHGLQWKHQXJJHW]RQHRIWKHIULFWLRQ
VWLU ZHOGHG EODQN LQ WKH WUDQVYHUVH FURVVVHFWLRQ LQ
RUGHUWRHYDOXDWHWKHPLFURVWUXFWXUHDVDIXQFWLRQRIWKH
WRRO FRQILJXUDWLRQ VKRXOGHU GLDPHWHU DQG SURFHVV
FRQGLWLRQV
5HVXOWVDQGGLVFXVVLRQ
)LJ  VKRZV WKH W\SLFDO IORZ FXUYHV RI WKH IULFWLRQ
VWLUZHOGHGMRLQWVLQWKLQ$$EODQNVREWDLQHGXQGHU
GLIIHUHQW SURFHVV SDUDPHWHUV DQG VKRXOGHU GLDPHWHUV
XVLQJ WKH ³SLQOHVV´ WRRO FRQILJXUDWLRQ6XFK ILJXUH DOVR
VKRZV WKH FRPSDULVRQ EHWZHHQ WKH VH FXUYHV RI WKH
)6:HG MRLQWV ZLWK WKH RQH RI WKH %0 WKDW H[KLELWV D
UHOHYDQW GHIRUPDWLRQ EHIRUH QHFNLQJ DQG DQ DOPRVW
QHJOLJLEOH SRVWQHFNLQJ VWUDLQ ,W FDQ EH VHHQ WKDW WKH
IULFWLRQ VWLU ZHOGHG MRLQWV VKRZ WKH VDPH EHKDYLRXU RI
WKH %0 HYHQ WKRXJK WKH SRVW QHFNLQJ VWUDLQ LV DOPRVW
QHJOLJLEOH)XUWKHUPRUHWKHIORZVWUHVVDQGWKHGXFWLOLW\
YDOXHVRIWKH)6:HGMRLQWVDUHDOZD\VORZHUWKDQWKRVH
RI WKH %0 DFFRUGLQJ WR WKH UHVXOWV REWDLQHG E\
5RGULJXHVHWDORQWKLQIULFWLRQVWLUZHOGVLQ$$7
DOXPLQLXPDOOR\>@7KHWHQVLOHVWUHQJWKDQGGXFWLOLW\RI
WKH MRLQWV DUH VWURQJO\ LPSURYHG E\ LQFUHDVLQJ WKH
VKRXOGHUGLDPHWHUIURPWRPPDQGFDQEHDWWULEXWHG
WR WKH LQFUHDVH LQ WKH ZRUNSLHFH WHPSHUDWXUH SURGXFHG
E\ DQ DXJPHQW RI WKH FRQWDFW VXUIDFH ZLWK ULVLQJ WKH
VKRXOGHU GLDPHWHU >@ $ VLPLODU EHKDYLRXU ZDV DOVR
REVHUYHGE\WKHDXWKRUVRQ$=PDJQHVLXPDOOR\>@
7KH GLIIHUHQW SODVWLF EHKDYLRXU RI %0 DQG )6:HG
MRLQWV FDQ EH DOVR DQDO\VHG E\ FRPSDULQJ WKH IUDFWXUHG
WHQVLRQ WHVWHG VDPSOHV )LJ  ,Q WKH EDVH DOOR\ D
IUDFWXUHVXUIDFHDWDERXWWR WKHSHUSHQGLFXODU WR WKH
ORDGLQJ GLUHFWLRQ FDQ EH REVHUYHG ZKLOVW WKH IUDFWXUH
VXUIDFHLQWKHZHOGHGVDPSOHLVDOPRVWSHUSHQGLFXODUWR
WKHORDGLQJGLUHFWLRQ
)LJ  VKRZV WKH XOWLPDWH YDOXHV RI WHQVLOH VWUHQJWK
DQG HORQJDWLRQ RI )6:HG MRLQWV REWDLQHG XVLQJ WKH
³SLQOHVV´ WRRO FRQILJXUDWLRQ ZLWK WKH WZR GLIIHUHQW
VKRXOGHU GLDPHWHUV LQYHVWLJDWHG DV D IXQFWLRQ RI WKH
URWDWLRQDOZHOGLQJ VSHHG UDWLR ,Q JHQHUDO WKH )6:HG
MRLQWVREWDLQHGXVLQJGV PPDUHFKDUDFWHULVHGE\876
DQG 8( YDOXHV ORZHU WKDQ WKRVH SURYLGHG XVLQJ GV 
PP $V IDU DV WKH KLJKHVW VKRXOGHU GLDPHWHU LV
FRQFHUQHG LW DSSHDUV WKDW WKH 876 YDOXHV DUH QRW







XVLQJ GLIIHUHQW ZHOGLQJ SDUDPHWHUV DQG WRRO JHRPHWULHV ZLWK WKH
³SLQOHVV´WRROFRQILJXUDWLRQVDGV PPEGV PP

























































)LJ  D 8OWLPDWH WHQVLOH VWUHQJWK DQG E XOWLPDWH HORQJDWLRQ
SURYLGHG E\ WHQVLOH WHVWV DW URRP WHPSHUDWXUH SHUIRUPHG RQ )6:HG
$$MRLQWVREWDLQHGXVLQJGLIIHUHQW WRROVL]HVDVDIXQFWLRQRIWKH
URWDWLRQDOZHOGLQJVSHHGUDWLR




FRROLQJ UDWH ,Q SDUWLFXODU WKH KHDW JHQHUDWLRQ UDWH
LQFUHDVHV ZLWK ULVLQJ ZY UDWLR VXFK LQFUHDVH FDQ EH
REWDLQHGERWKE\LQFUHDVLQJWKHZYDOXHZKLFKOHDGVWR
KLJKHU WHPSHUDWXUHV DQG UHVXOWV LQPRUH LQWHQVHPL[LQJ
RI PDWHULDO DQG E\ GHFUHDVLQJ WKH Y YDOXH ZKLFK
SURGXFHV DQ LQFUHDVH LQ VSHFL¿F WKHUPDO FRQWULEXWLRQ
FRQIHUUHG WR WKH MRLQW VR WKDWPRUH WLPH LV JLYHQ WR WKH
KHDWWRÀRZLQWRWKHMRLQW+RZHYHULQWKHH[SHULPHQWDO
FRQGLWLRQVRIWKHSUHVHQWZRUNWKHKHDWIORZWRZDUGVWKH
EDFNLQJ SODWH DOVR SOD\V D YHU\ LPSRUWDQW UROH LQ WKH




)LJ  6XUIDFH DSSHDUDQFHV RI WKH )6:HG MRLQWV REWDLQHG XQGHU
GLIIHUHQW ZHOGLQJ SDUDPHWHUV D  USP ±  PPPLQ E 
USP±PPPLQGV PP³SLQOHVV´FRQILJXUDWLRQ
GHWULPHQWDO HIIHFW RI WKH KHDW GLVVLSDWLRQ WRZDUGV WKH
EDFNLQJ SODWH RQ WKH WHPSHUDWXUH ILHOG EHFRPHV HYHU
PRUH LPSRUWDQW XQWLO LW SUHYDLOV RQ WKHEHQHILFLDO HIIHFW
SURGXFHGE\WKHLQFUHDVHLQWKHKHDWJHQHUDWLRQUDWH$V
D FRQVHTXHQFH WKH PHFKDQLFDO SURSHUWLHV RI MRLQWV
LQFUHDVHZLWKLQFUHDVLQJZYUDWLRXSWRDSHDNDQGWKHQ
GHFUHDVH DV ZY IXUWKHU LQFUHDVHV 7KH PRUH PDUNHG
GHFUHDVH LQ WKH PHFKDQLFDO SURSHUWLHV ZLWK LQFUHDVLQJ
ZYREVHUYHGXVLQJWKHPPSLQOHVVWRROLVUHODWHGWR
WKH UHGXFHGKHDWJHQHUDWLRQSURGXFHGE\ IULFWLRQDV WKH
VKRXOGHUGLDPHWHUGHFUHDVHVFRQVHTXHQWO\WKHHIIHFWRI
KHDW GLVVLSDWLRQ WRZDUGV WKH EDFNLQJ SODWH RQ876 DQG
8(EHFRPHVPRUHPDUNHGZLWKGHFUHDVLQJGV
7KH VXUIDFH RIZHOGV LV DOVR DIIHFWHGE\ WKH SURFHVV
FRQGLWLRQV DV LW FDQ EH REVHUYHG E\ WKH VXUIDFH
DSSHDUDQFH RI MRLQWV REWDLQHG XVLQJ WKH ³SLQOHVV´ WRRO
FRQILJXUDWLRQ XQGHU GLIIHUHQW URWDWLRQDO DQG ZHOGLQJ
VSHHGV )LJ  ,Q SDUWLFXODU DV WKHZY GHFUHDVHV WKH
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)LJ  7\SLFDO HIIHFW RI WKH WRRO FRQILJXUDWLRQ RQ IORZ FXUYHV RI
)6:HG$$WKLQVKHHWVGV PP
LQFUHDVHZLWKGHFUHDVLQJZYUDWLRLQWKHZHOGLQJVSHHG
WKDW DVZHOO NQRZQ FDXVHV DZRUVHQLQJ LQ WKH VXUIDFH
URXJKQHVV QRWZLWKVWDQGLQJ WKH EHQHILFLDO HIIHFW RQ WKH
VXUIDFH ILQLVKLQJ SURGXFHG E\ WKH LQFUHDVH LQ WKH
URWDWLRQDOVSHHG
%\ IRFXVLQJ WKH DWWHQWLRQ RQ WKH )6: SURFHVV
SHUIRUPHGXVLQJ WKH WRROZLWK WKH VKRXOGHUGLDPHWHU RI
 PP )LJ DOORZV WR DQDO\VH WKH WRRO FRQILJXUDWLRQ
HIIHFW RQ WKHPHFKDQLFDO SURSHUWLHV RIZHOGHG MRLQWV ,W
ZDV VKRZQ WKDW WKH ³SLQOHVV´ WRRO FRQILJXUDWLRQ DOORZV
WKHREWDLQLQJRIWKHKLJKHVWYDOXHVRIWKHWHQVLOHVWUHQJWK
DQG GXFWLOLW\ 6XFK UHVXOWV DUH LQ DJUHHPHQWZLWK WKRVH
REWDLQHG E\ DXWKRUV RQ$=PDJQHVLXP DOOR\ PP
WKLFNVKHHW>@
,Q RUGHU WR XQGHUVWDQG WKH GLIIHUHQW PHFKDQLFDO
EHKDYLRXURI WKHZHOGHGMRLQWVREWDLQHGXVLQJWKH³SLQ´
DQG ³SLQOHVV´ WRRO FRQILJXUDWLRQV WKHPLFURVWUXFWXUH RI
WKH MRLQWV ZDV DQDO\VHG LQ GLIIHUHQW UHJLRQV RI WKH
WUDQVYHUVH FURVVVHFWLRQRI WKHZHOGHGEODQNV )LJV 
,Q SDUWLFXODU )LJ D VKRZV WKH PLFURVWUXFWXUH RI WKH
SDUHQW PDWHULDO FKDUDFWHULVHG E\ D PHDQ JUDLQ VL]H RI
PP
$JHQHUDOJUDLQUHILQHPHQWDORQJWKHZHOGFHQWHUOLQH
RI WKH MRLQW LV REWDLQHG )LJV E DQG F IXUWKHUPRUH
WKH VWLUULQJ DFWLRQ RI WKH SLQ OHDGV WR D ILQHU JUDLQ
VWUXFWXUH)LJFZLWKDPHDQJUDLQVVL]HRIPP
EXW OHVV KRPRJHQHRXV WKDQ WKDW REWDLQHG XVLQJ WKH
³SLQOHVV´WRROFRQILJXUDWLRQ)LJEFKDUDFWHUL]HGE\D
PHDQ JUDLQV VL]H RI  PP 6XFK GLVFUHSDQF\ ZDV
DOVRREVHUYHGE\%XIIDHWDO LQDIULFWLRQVWLUSURFHVVHG
DOXPLQLXP DOOR\ >@ DQG E\ DXWKRUV LQ )6:HG $=
PDJQHVLXPVKHHWV>@7KHPHDQJUDLQVL]HWHQGVWREH
YHU\VLPLODU WR WKHEDVHPDWHULDORQHVKRZQLQ)LJD
DV WKHGLVWDQFH IURP WKHZHOG D[LV LQFUHDVHV+RZHYHU









SRURVLW\ OHYHOPDLQO\ ORFDOLVHGQHDU WKH WRSDQGERWWRP
VXUIDFHV RI WKH ZHOGHG VKHHWV )LJ  WKDW VWURQJO\
UHGXFHWKHPHFKDQLFDOSURSHUWLHVDVVKRZQLQ)LJ
&RQFOXVLRQV
7KH SUHVHQW SDSHU DLPV DW VWXG\LQJ WKH HIIHFWV RI
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ZHOGHGWKLQ$$DOXPLQLXPDOOR\VKHHWV³3LQ´DQG
³SLQOHVV´ WRRO FRQILJXUDWLRQV ZHUH WDNHQ LQWR DFFRXQW
HDFKRIWKHPZDVPDQXIDFWXUHGZLWKGLIIHUHQWYDOXHVRI
WKHVKRXOGHUGLDPHWHU




RI  PP LQ WKH ³SLQOHVV´ WRRO FRQILJXUDWLRQ DUH
ORZHUWKDQWKRVHSURYLGHGZLWKWKHVKRXOGHUGLDPHWHU
RIPPDV IDUDV WKHKLJKHVWVKRXOGHUGLDPHWHU LV
FRQFHUQHG LW DSSHDUV WKDW WKH 876 YDOXHV DUH QRW
VLJQLILFDQWO\ DIIHFWHGE\ WKHȦY UDWLRZKLOVW WKH8(
YDOXHV LQFUHDVH ZLWK ULVLQJ ȦY UDWLR XQWLO D SHDN




SURYLGHG E\ WKH ³SLQ´ WRRO RQH LUUHVSHFWLYH RI WKH
VKRXOGHUGLDPHWHUDQGSURFHVVSDUDPHWHUV
x DJHQHUDOJUDLQ UHILQHPHQW DORQJ WKHZHOGFHQWHUOLQH
RI WKH MRLQW LV REVHUYHG )XUWKHUPRUH WKH VWLUULQJ
DFWLRQRI WKHSLQ SURGXFHV DPRUH SURQRXQFHGJUDLQ
UHILQHPHQWWKDQWKHRQHREVHUYHGXVLQJWKH³SLQOHVV´
WRROXQIRUWXQDWHO\ WKH)6:HG MRLQWVREWDLQHGXVLQJ
WKH ³SLQ´ WRRO FRQILJXUDWLRQ DUH FKDUDFWHULVHGE\ WKH
SUHVHQFH RI GHIHFWV VXFK DV FDYLWLHV ZLWK D KLJK
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